Background and Objectives Minimally invasive surgery for adrenocortical carcinoma (ACC) is controversial. We sought to evaluate the perioperative and long-term outcomes following minimally invasive (MIS) and open resection (OA) of ACC in patients treated with curative intent surgery. Methods Retrospective data from patients who underwent adrenalectomy for primary ACC at 13 tertiary care cancer centers were analyzed, including demographics, clinicopathological, and operative outcomes. Outcomes following MIS were compared to OA. Results A total of 201 patients were evaluated including 47 MIS and 154 OA. There was no difference in utilization of MIS approach among institutions (p = 0.24) or 30-day morbidity (29.3 %, MIS, vs. 30.9 %, OA; p = 0.839). The only preoperatively determined predictor for MIS was smaller tumor size (p < 0.001). There was no difference in rates of intraoperative tumor rupture (p = 0.612) or R0 resection (p = 0.953). Only EBL (p = 0.038) and T stage (p = 0.045) were independent prognostic indicators of overall survival after adjusting for significant factors. The surgical approach was not associated with overall or disease-free survival. Conclusion MIS adrenalectomy may be utilized for preoperatively determined ACC ≤ 10.0 cm; however, OA should be utilized for adrenal masses with either preoperative or intraoperative evidence of local invasion or enlarged lymph nodes, regardless of size.
Introduction
Minimally invasive adrenalectomy (MIS) for primary adrenocortical carcinoma (ACC) remains a highly controversial topic despite the widespread acceptance of minimally invasive techniques among surgeons. The laparoscopic approach to adrenalectomy was first introduced in 1992 and has since been adopted as the preferred approach for resection of benign, functioning, and nonfunctioning adrenal masses. 1 A greater number of published series revealing comparable short-term outcomes between MIS and open adrenalectomy (OA) have resulted in increased enthusiasm for MIS for adrenal malignancies; however, these were hindered by small case series and variable duration of follow-up.
2 -6 Despite the demonstrated safety and efficacy of MIS among small-to medium-sized benign lesions (≤6 cm), OA remains to be the procedure of choice for ACC adrenalectomy, which allows for consistent and complete en bloc resection.
The two largest comparative series to date of MIS versus OA included 46 laparoscopic cases from the University of Michigan and 30 laparoscopic cases from the Italian Multiinstitutional Study. 4 , 7 There were no differences in overall survival (OS) and disease-free survival (DFS) between groups in the Italian study, whereas the University of Michigan concluded that OA was superior to the laparoscopic approach due to significantly different positive resection margins, incidence of tumor spillage, improved overall survival among stage II patients, and shorter time to recurrence.
4 , 7 The current study includes a large number of MIS adrenalectomies compared to OA. ACC is a rare and aggressive malignancy afflicting approximately two patients per million per year, accounting for 0.2 % of cancer-related mortality, with 5-year OS rates of 13-58 % following resection. 8 -12 Difficulty in treating most patients is attributed to locally advanced or metastatic disease at the time of presentation. In light of evidence demonstrating chemotherapy and radiation in ACC are largely ineffective, accomplishing a complete oncologic resection (R0) remains the most critical component to curative intent therapy, offering the only opportunity for long-term cure.
8 , 11 The early evidence on MIS versus OA offer conflicting outcomes; however, a growing body of evidence reveal comparable short-term outcomes in carefully selected cases of early ACC, while abiding by the principles of oncological resection when performed at high volume centers.
2 , 5 , 7 , 9 , 13 -15 Anecdotal advantages of MIS for ACC include decreased postoperative pain, shorter length of stay, quicker rehabilitation, and fewer complications. 6 , 16 MIS has also been correlated with earlier recurrence rates, increased the risk of tumor spillage, or positive margins. 7 , 13 As a result, the current guidelines per the Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) for resection of ACC dictate the standard treatment should be open surgery with the caveat that if malignancy is unknown preoperatively or if the MIS approach is initiated for suspected early-stage disease, a low threshold for conversion is strongly recommended when there is evidence of invasion, adhesion, or enlarged lymph nodes are seen, as the ideal treatment includes en bloc resection of any involved structures and regional lymphadenectomy. 17 In this study, we evaluated the oncologic and long-term survival outcomes of patients treated with MIS or OA in a multi-institutional collaboration among expert academic referral centers in the USA, drawing one of the largest numbers of MIS adrenalectomies reported to date.
Methods

Patients and Data Collection
Demographic, clinicopathological, and perioperative data for all patients who underwent initial curative intent surgery for a diagnosis of adrenocortical carcinoma were collected between 1994 and 2014. Patients were identified from 1 of 13 participating institutions in the US Adrenocortical Carcinoma Group, including the University of Wisconsin, Johns Hopkins Hospital, Stanford University, Vanderbilt University, Emory University, Wake Forest University, Washington University in St. Louis, The Ohio State University, University of California San Francisco, Medical College of Wisconsin, University of Texas Southwestern Medical Center, and New York University. This study included both pediatric and adult populations. Patients diagnosed with metastatic disease and those who underwent reoperation for ACC were excluded from the study. All patient data were collected retrospectively from medical charts. Institutional review board approval was obtained at each participating institution.
Specific demographic, perioperative, and clinicopathological data included age, gender, ASA class, functional tumor status, laterality, EBL, preoperative tumor size, lymph node status, T stage, receipt of neoadjuvant and adjuvant therapies, capsular invasion, lymphatic and venous invasion, and resection margin status. For T stage, two categories were created: (1) lower stage tumors (T1 and T2) and (2) higher stage tumors (T3 and T4). Perioperative complication data were also compared between groups, including in-hospital mortality, mortality within 30 days of operation, any complication within 30 days of operation, Clavien grade, occurrence of abdominal abscess, pancreatic leak, pulmonary embolism, intraoperative tumor rupture, postoperative adrenal insufficiency, reoperation, and readmission. For Clavien grade, two categories were created to define low grades of complications (grades I and II) and high grades of complications (III, IV, and V). The surgical approach was reported as open or MIS. MIS included laparoscopic, hand-assisted, robotic and retroperitoneoscopic approaches to surgery. Open surgery was described as either abdominal, posterior, or thoracoabdominal. Readmission was defined as occurring within 90 days of operation. Disease recurrence was defined as biopsy-proven ACC or imaging reports consistent with or highly suggestive of tumor recurrence.
Predictors of Resection Margin Status
In order to identify factors with potential impact on resection margin status, the surgical approach, preoperative tumor size, age, gender, and BMI were selected as the preoperative factors available for univariable and logistic regression analyses. Three additional patient variables, the surgical era, tumor size category, and size approach, were constructed to account for the potential influences of time throughout the course of the study, and the potential relationship between tumor size and surgical approach on resection margin status. The surgical era was defined as either early, the period between 1994 and 2005, or late, the period from 2006 to 2014. The tumor size overlap was defined as the range of tumor sizes in which both MIS and OA procedures were performed, and only these cases were used for this analysis. This range was then subdivided into three smaller categories to create the tumor size category variable. Tumor size categories were defined as 1 (3.7-7.0 cm), 2 (7.1-10.0 cm), or 3 (10.1-16 cm). The Bsize-approach^was a combined variable of the tumor size category in association with the surgical approach used (MIS or OA). The purpose of this variable was to incorporate the potential influence of interactions between the size of the tumor in the context of a MIS or open approach. For example, a tumor classified as B2-MIS^is one in which its size was between 7.1 and 10.0 cm and was resected by a MIS approach.
Prognostic Indicators of Overall and Disease-Free Survival
OS and DFS times were computed for all patients starting from the date of operation. DFS was defined as the duration from the time of initial operation to the first documentation of disease recurrence.
Statistical Analyses
Demographic, clinicopathological, and perioperative patient data were stratified according to operative approach (MIS vs. OA). This analysis was conducted under an intention to treat analysis, such that the MIS group was analyzed with the patients that were converted to open surgery. Two additional subgroup analyses were conducted. One analysis evaluated patients within the MIS group alone in order to isolate potential predictors of conversion. Patients who underwent a MIS approach with subsequent conversion to open were compared to patients who underwent a nonconverted MIS approach. A second comparison of nonconverted MIS cases versus OA was also conducted.
Variables with potential correlations were analyzed by the Pearson product-moment correlation coefficient in order to identify the degree of linear dependence between two variables to avoid potential confounding. The variables EBL and operative transfusion were statistically correlated (R > 0.4); therefore, only EBL was included in univariable and multivariable analyses. Other variables with possible collinear relationships included tumor size with EBL and tumor size with T stage, neither of which were correlated. Potential differences between groups were evaluated by χ 2 analyses and Student's t test where appropriate. Continuous data were reported as medians with ranges. Among the factors that satisfied the inclusion criteria for multivariable analysis, functional tumor status and venous invasion were excluded on the basis of significant missing data (≥75.0 % missing), which presented a significant risk of unreliable estimates.
In the analysis of factors influencing resection margin status, all patients under tumor size category 3 (tumor size range 10.1-16.0 cm, category 3-MIS and category 3-OA) were excluded due to the small number of patients in the 3-MIS group (n = 2). Among the preoperative factors available for analysis, the surgical approach, preoperative tumor size, tumor size category, size-approach, age, gender, BMI, and surgical era were included in univariable analysis. In multivariable logistic regression, factors with p < 0.1 on univariable analyses were included in the model in addition to the size-approach variable.
In survival analyses, patient demographic, perioperative, and clinicopathological data were evaluated for differences between the MIS and open surgery groups using χ 2 and Student's t tests. Factors with p < 0.1 were assessed for predictive capacity for OS and DFS in univariable and multivariable analyses via a Cox proportional hazards model. OS and DFS were estimated for each group using the methods of Kaplan and Meier. Additionally, propensity score analysis was utilized in order to adjust for preoperative factors thought to impact the choice of surgical approach on OS and DFS. All preoperative factors satisfying p < 0.2 in logistic regression analyses were included in the propensity score as follows: PS = −3.142 + (0.148 × era) − (0.004 × age) − (0.485 × functional tumor status) + (1.234 × gender) + (0.513 × tumor size). One-to-one matching was not possible due to a high degree of missing data; rather, the propensity score was constructed and included with the surgical approach in an adjusted Cox proportional hazards model for OS and DFS. All statistical tests were two-sided, and statistical significance was denoted by p < 0.05. Statistical analyses were performed using SPSS software (version 23.0, IBM SPSS, Chicago, IL).
Results
Demographic and Clinicopathological Characteristics
The original study cohort consisted of 265 cases of adrenalectomy for ACC. Twelve cases were excluded due to unreported approach to surgery, and 52 cases were excluded due to metastatic disease at the time of presentation. A MIS approach was utilized in 47 (23.4 %) of patients. Thus, there were 201 patients across 13 institutions included in this study. Within this group, there were 2 robotic ACC resections, 1 retroperitoneoscopic approach, 3 hand-assisted approaches, and 32 laparoscopic resections. In addition, nine cases were included in the MIS group as an intention to treat analysis due to conversion from laparoscopic to open surgery (19.0 % conversion) (Fig. 1) . Thus, there were 38 patients in the nonconverted MIS group and 154 patients in the OA group.
There was no difference among participating institutions in the decision to proceed with a MIS approach to surgery (p = 0.24). The gender distribution, BMI, and ASA classification were comparable between both approaches ( Table 1) . Utilization of a MIS approach was not associated with tumor laterality, functional tumor status, the era in which the operation was performed, or receipt of neoadjuvant chemotherapy. There were many differences between groups, with MIS patients presenting with smaller tumors (median size 5.5 cm, MIS, vs. 10.9 cm, OA; p < 0.001), lower EBL (100 mL, MIS, vs. 825 mL, OA; p = 0.002), shorter length of stay (median LOS 3 days, MIS, vs. 6 days, OA; p < 0.001), and lower pathologic T stage (75 %, MIS, vs. 44.3 %, OA for T1-T2; p < 0.001). A complete comparison of patient demographic, perioperative, and tumor data between MIS and OA are summarized in Table 1 .
In the comparison of nonconverted MIS versus OA, univariable analysis revealed smaller tumor size (median size 5.5 cm, nonconverted MIS, vs. 10.9 cm, OA; p < 0.001), lower EBL (100 mL, nonconverted MIS, vs. 825 mL, OA; p = 0.002), shorter median operative time (156 min, nonconverted MIS, vs. 236 min, OA; p = 0.007), shorter length of stay (2 days, nonconverted MIS, vs. 6 days, OA; p = 0.001), and lower T stage (T1-T2 77.8 %, nonconverted MIS, vs. 44.3 %, OA; p < 0.001) as statistically different in the MIS group.
Perioperative Morbidity and Mortality
There was no difference in 30-day or in-hospital mortality following adrenalectomy (Table 2 ). There was no difference For patients who experienced postoperative complications, there were no differences in the grade of complication (p = 0.537). There was no difference in the rate of intraoperative tumor rupture (p = 0.612) or necessity for reoperation between groups (p = 0.871). Of note, there were no differences between the overall morbidity (p = 0.669), 30-day mortality (p = 0.563), and in-hospital mortality (p = 0.587) with the era in which the operation was performed. In the subgroup analysis of nonconverted MIS cases compared to OA, there was no difference in the overall 30-day complication rate (25. 
Potential Influences on Resection Margin Status
The tumor size overlap between MIS (including converted cases) and OA cases ranged from 3.7 to 16 cm. On univariable analysis, the early surgical era was significantly associated with higher R1 status (37.5 %, early era, vs. 20.9 %, late era; p = 0.017). Of note, the approach (p = 0.953), preoperative tumor size (p = 0.661), tumor size category (p = 0.792), and size-approach (p = 0.817) were not associated with R1 status. No factors were significantly associated with an impact on R1 status (Table 5) . Similarly, tumor size (p = 0.043) was significantly associated with DFS on univariable analysis; however, there were no factors that were independently correlated with DFS on multivariable analysis (Table 6 ). Of note, the era in which the operation was performed had no impact on OS (p = 0.809) or on DFS (p = 0.151). There was no difference in median and 5-year OS between groups (MIS vs. OA 91.0 vs. 53.9 months, and 67.7 vs. 48.6 %, respectively; p = 0.289, Table 4 ; Fig. 2 ). In addition, there was no difference in the median and 5-year DFS for patients who underwent MIS versus open surgery (14.3 vs. 9.8 months, and 9.1 vs. to 3.8 % respectively (p = 0.174, Table 4 ; Fig. 3 ). Overall disease recurrence rates were comparable between both groups (p = 0.074) ( Table 2) . On multivariable analysis, after controlling for tumor size, EBL, LOS, and T stage, there was no difference in OS and DFS rates associated with the type of surgical approach (p = 0.239 and p = 0.285, respectively) ( Tables 5 and 6 ; Figs. 2 and 3, respectively). After adjusting for the approach and propensity score in multivariable logistic regression analyses, neither the propensity score nor surgical approach was predictive of OS or DFS (OS: propensity score p = 0.354, approach p = 0.302; DFS: propensity score p = 0.453, approach p = 0.306).
In subgroup analysis of nonconverted MIS cases to OA, univariable analysis revealed EBL (p = 0.008) and T stage (p = 0.002) as predictors for OS; however, no factors were identified for DFS in this cohort. On multivariable analyses, EBL (p = 0.020) was the only independent prognostic factor for OS, and no factors were identified for DFS. There were no differences in median and 5-year OS based on surgical approach (nonconverted MIS vs. OA 90.9 vs. 53.9 months, and 68.9 vs. 48.6 %; p = 0.261). Similarly, there were no differences in the median and 5-year DFS between nonconverted MIS and OA (18.8 vs. 9.8 months, and 11.1 vs. 3.8 %, respectively; p = 0.083).
Predictors of Conversion to Open Surgery
Subgroup analyses of patients who underwent conversion to open surgery from a minimally invasive approach were compared to cases completed using the MIS approach (9 vs. 38 cases, respectively). On univariable analysis, the cases completed using MIS techniques had significantly lower BMI (median 
Discussion
This study represents one of the largest comparative series of the effect of type of surgical approach for ACC. To date, the current literature includes small case series, lacking power to perform adequate case matching 2 -4 , 7 , 11 -13 , 18 , 19 (Table 7) . In this study, there was no difference in R0 status, tumor recurrence, intraoperative tumor rupture, or evidence of microvascular or capsular invasion between MIS and OA. Our findings highlighted EBL and T stage as independent prognostic indicators for OS, but not the surgical approach. Therefore, in these highly selected patients, there was no difference in DFS disease-free survival, OS overall survival outcome when MIS techniques were utilized. Notably, there was no difference in overall morbidity or grade of complication. Potential explanations for this finding may be that morbidity is linked to the risk inherent with the need for en bloc resection or the absence of anastomoses that drives surgical complications for other tumor types. The exact reason for the lack of association with between surgical approach and complications is unclear and larger series are required to verify these results. Our group previously identified independent associations between postoperative complications and decreased OS following resection of various tumors including ACC and gastric carcinoma.
15 , 20 Peritoneal carcinomatosis and laparoscopy have been anecdotally correlated; however, our data do not reflect a difference in tumor recurrence between approaches. Earlier underpowered reports have cautioned against laparoscopic adrenalectomy for ACC due to high rates of peritoneal carcinomatosis attributed to violation of the tumor capsule during manipulation.
6 , 13 , 21 Although the development of peritoneal carcinomatosis was not studied in this series, our data did not reveal a greater risk of intraoperative tumor rupture within the MIS group, which likely reflects stringent patient selection, smaller tumor size, and increased proficiency of experienced MIS surgeons at participating institutions. Future studies will need to evaluate the presence of peritoneal carcinomatosis following MIS adrenalectomy in order to validate these results.
Our analysis reveals that the approach to surgery does not significantly affect the risk of margin positivity, which is consistent with prior analyses, although smaller tumors were more common in the MIS group.
3 , 7 , 18 In order to account for this difference, the size-approach variable, which accounted for the potential interactions of tumor size and approach in the same model, revealed no difference in margin status and tumor size. This is a critical finding, as the importance of achieving a margin-negative resection was reinforced in a large analysis of nearly 4000 patients identified from the National Cancer Data Base, which revealed a clear improvement in survival among margin-negative patients. 9 Prior authors have suggested relative contraindications to MIS adrenalectomy, such as prior laparotomy, trauma, or widespread systemic disease.
12 , 22 However, others noted none of their laparoscopic cases were converted due to adhesions, even though as many as 69 % of patients had undergone previous surgery. 16 Locally advanced disease, widespread systemic disease, and tumor size greater than 10 cm have all been reported to favor the decision to pursue OA in other series.
16 , 22 -24 The conversion rate in the current study was 19.1 %. Other series have reported conversion rates ranging from 7 to 34.2 %; however, these data may also be obscured by small sample sizes and variations establishing comparative groups.
19 , 25 After analyzing the nonconverted MIS cases compared to OA, there were no differences in terms of perioperative or survival outcomes. It is important to note that the diagnosis of ACC is often unknown to the surgeon prior to the operation and a significant proportion of adrenal lesions are resected under the premise of reasonable suspicion Fig. 3 The 5-year disease-free survival for patients who underwent minimally invasive versus open resection for adrenocortical carcinoma. There was no difference in median and 5-year DFS for patients who underwent MIS versus OA (14.3 vs. 9.8 months, and 9.1 vs. to 3.8 %, respectively; p = 0.285). Number at risk (asterisk) due to size and imaging characteristics. As a result, the decision to pursue a MIS or OA is chiefly guided by technical feasibility. Stringent patient selection criteria have long been attributed to the success and safety of MIS adrenalectomy. The sole distinguishing preoperative criterion between the two approaches included smaller tumors in the MIS group. Not surprisingly, this suggests that size carries the greatest impact in decision-making regarding the surgical approach. Low stage tumors (AJCC T1 and T2) were independently predictive of improved survival. For ACC, the tumor, lymph node, and metastasis (TNM) classification proposed by the International Union Against Cancer (UICC) and the American Joint Commission on Cancer (AJCC) has been the most widely used classification and the staging strategy used in this study. However, TNM staging for ACC remains controversial in terms of true prognostic value. The European Network for the Study of Adrenal Tumors (ENSAT) is recognized for its ability to prognostically differentiate between stages II and III and was validated in a large German ACC registry.
26
, 27 The Weiss score utilizes tumor pathology to assess prognosis, however is limited by its reliance on inter-rater reproducibility. 28 Although neither the ENSAT nor Weiss scoring classifications were available in this study, these staging systems offer additional prognostic insight to ACC survival analyses for future studies.
There are several limitations to this study. The retrospective design limited the analysis, and selection bias was likely. Retrospective data collection also contributed to missing data, which may have led to a misrepresentation of the impact of certain factors on MIS and OA. The limited recurrence data was likely the result of the referral-based practice among participating centers, wherein many patients are followed in the community and thus recurrence data was incomplete. In addition, this series was limited by the rarity of the disease, evidenced by the number of MIS cases available over a 20-year period (n = 47). The diagnosis of ACC was not known prior to surgery. Therefore, the decision-making process for approach may have been driven by other factors, including clinical suspicion and tumor size; thus, these data attest to the technical feasibility of MIS adrenalectomy. There remain inherent differences among centers that could not have been controlled, including protocols of perioperative management, oncologic follow-up, the impact of learning curve among trainees, and slight variations in surgical techniques. Under ideal circumstances, the most effective approach to confirm the findings in this study is a prospective, randomized controlled trial, but this is not realistic due to the rarity of ACC and the infrequency of pre-operative diagnosed ACC. Despite these limitations, this study represents one of the largest series of MIS ACC resections treated curatively across 13 tertiary care centers in the country, offering a robust illustration of current practice and long-term outcomes in an area of ongoing clinical investigation. For suspected ACC, an open adrenalectomy is recommended in order to ensure a true oncologic resection particularly when there may be concern for invasion. However, a MIS approach may be utilized to patients with tumors ≤ 10 cm, providing the principles of an oncologic resection are followed.
Conclusion
In patients undergoing curative intent resection for ACC, MIS techniques offer comparable surgical and oncologic outcomes to open surgery among highly selected patients with a preoperative tumor size less than or equal to 10.0 cm. There was no difference in OS or DFS based on the surgical approach. The deciding factor in the surgical approach for ACC must be driven by the ability to achieve a complete and appropriate oncologic resection. Open adrenalectomy should be utilized for adrenal masses with either preoperative or intraoperative evidence of local invasion or enlarged lymph nodes, regardless of size.
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